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(54) Vehicle road load simulation using effective road profile 


(57) A method and system for generating an effec- 
tive road profile for use with a computer aided vehicle 
design system is disclosed. The method has the steps 
of developing a vehicle model for a vehicle is developed 
and then excited with an initial drive file to produce a 
vehicle model response. The vehicle model response is 
compared to a desired response to produce an error sig- 
nal, the desired response being based on vehicle dy- 
namics data from a vehicle when driven over a road sur- 
face. A modified error signal Is determined using a ve- 
hicle response model, and the modified error signal Is 


fed into the vehicle model to produce a vehicle model 
response. A new error signal is iteratlvely determined 
until it is within a predetermined limit to produce a vehi- 
cle model effective road profile. Once the effective road 
profile has been determined, a modified vehicle model 
is excited with the effective road profile to produce a 
modified model response. The modified vehicle can 
thus be tested without need for a prototype. Various ve- 
hicle model parameters are graphically displayed, as 
are the vehicle model responses, so that a vehicle de- 
signer may interactively change the vehicle model or 
other parameters. 
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Description 

The present Invention relates to vehicle testing in 
general, and more specifically to computer vehicle mod- 
el testing and road load simulation. 

It has long been desirable for automotive vehicle 
designers to develop a computer based model to define 
the dynamic behavior of an automotive vehicle. A com- 
puter based vehicle model, typically designed with a 
computer-aided engineering (CAE) system, is valuable 
to provide vehicle design testing and analysis prior to 
making a prototype. This vehicle model evaluation, for 
example durability and NVH testing, can save the time 
and expense of building several prototypes before a fi- 
nal design is achieved. 

An important part of vehicle durability and NVH test- 
ing is accurate road load testing. Prior attempts at mod- 
eling a vehicle for computer simulated road load testing 
have generally been unsuccessful, including attempts 
at providing a "virtual proving ground". In particular, a 
satisfactory tyre model for use In a vehicle model has 
been difficult to achieve since a tyre model which accu- 
rately models a tyre has been found to be computation- 
ally inefficient and unstable, while a simpler tyre model 
does not accurately predict road loads. The problem is 
exacerbated when a tyre model is used in conjunction 
with a vehicle model which may have inherent errors 
due to modeling assumptions. 

The present invention provides a vehicle model 
testing method and system which develops an effective 
road profile for the vehicle model. Vehicle dynamics da- 
ta, a system frequency response function, and a simpli- 
fied vehicle dynamics model are used to generate the 
effective road profile. In the method, a vehicle model is 
excited with a drive file to produce a vehicle model re- 
sponse. The vehicle model response Is compared to a 
desired response to produce an error signal, the desired 
response being based on vehicle dynamics data collect- 
ed from a vehicle when driven over a road surface. A 
modified error signal is then determined using a vehicle 
frequency response function, and the modified error sig- 
nal is fed into the vehicle model to again produce a ve- 
hicle model response. The comparison between the ve- 
hicle model response and the desired response is iter- 
atively performed until the error signal is within a prede- 
termined limit, thus producing a vehicle model effective 
road profile. The effective road profile can then be used 
with a modified vehicle model to produce a modified 
model response for vehicle model testing and road load 
simulation, and for predicting road loads during simulat- 
ed vehicle testing. 

An advantage of the present invention is a method 
and system for generating an effective road profile from 
a CAE vehicle model which albws expedited testing 
without the need for physical prototypes. 

Another advantage is a method for using an effec- 
tive road profile developed from a first vehicle model to 
perform road load testing on a second vehicle model. 


Yet another advantage is the ability to produce reli- 
able and accurate vehicle road load simulation with sim- 
ple vehicle models and tyre models by using predeter- 
mined vehicle response control points and an effective 
5 road profile determined from the control points. 

Still another advantage of the present invention is 
computational efficiency achieved by using a tyre model 
with an effective road profile in vehicle road toad simu- 
lation. 

Yet still another advantage is a method which allows 
use of a variety of tyre models. 

The invention will now be described, by way of ex- 
ample, with reference to the accompanying drawings, 
in which: 

Fig. 1 is a diagram of a pair of vehicles being driven 
over a proving ground road surface; 
Fig. 2 is a diagram of an effective road profile used 
for cross-vehicle testing on a spindle-coupled sim- 
ulator; 

Fig. 3a is a schematic diagram of a simple spring- 
damper rolling tyre model; 
Fig. 3b is a side view of a tyre rolling over an uneven 
surface; 

Fig. 3c Is a side view of a tyre indicating rolling tyre 
dynamics; 

Fig. 4 is a schematic tyre diagram of a spring-damp- 
er tyre model showing components of the vertical 
effective road profile; 

Fig. 5 is a flow diagram of a process for determining 
an initial drive file from a vehicle model and a fre- 
quency response function according to a preferred 
embodiment of the present invention; 
Fig. 6 is a flow diagram showing determination of 
an effective road profile for a vehicle model; 
Fig. 7 is a flow diagram showing cross-vehicle us- 
age of an effective road profile to produce a predict- 
ed vehicle response; 

Fig. 8 Is a schematic diagram of a vehicle nrwdel 
according to one aspect of the present invention; 
Fig. 9 is a perspective view of an operator using the 
present invention; 

Fig. 10 is a graph showing predicted vertical dis- 
placement for a vehicle model based on effective 
road profile input into the model; and 
Fig. 11 is a graph showing predicted energy for a 
vehicle model based on effective road profile input 
into the model. 

Turning nowto Fig. 1 ofthedrawings, atypical prov- 
ing ground durability test is shown for two vehicles, des- 
ignated A and B, with different body, chassis, and/or en- 
gine configurations. Tyre movement at a contact tyre 
patch between the tyre and road is bounded by the road 
terrain. For a spindle coupled simulator, there is no ac- 
tual tyre attached to the vehicle being tested. However, 
for illustrative purposes only, it can be imagined that 
tyres are attached to the spindles of the simulator and 
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that the inputs to the spindles are provided by tyres 
which are running over the road. In such a case, the tyre 
displacement at the tyre patch must be same for each 
vehicle run over the road, II a "perfect" tyre model were 
available for the vehicle tyres, then a back-calculated 
road profile from spindle responses of each test vehicle 
would be the same for each vehicle A and B, except 
when the tyre is off the ground (Fig. 2). 

However, it has been found that the direct use of a 
geometric road profile to provide Input Into a vehicle 
model fails, partially due to shortcomings of the tyre 
model. In particular, most tyre models do not accurately 
model an actual running tyre (Fig. 3a), the latter having 
uneven contact (Fig. 3b) instead of flat tyre patch con- 
tact, tyre enveloping effects (Fig. 3b), and rolling tyre 
dynamics (Fig. 3c). One solution to the problem is to de- 
termine what excitations at an imaginary flap tyre patch 
can produce the desired spindle loads and movements. 
For a given tyre model, an effective road profile is de- 
fined as the displacement or load constraint at a tyre 
patch which will produce desired spindle loads and 
movements which correspond to actual observed spin- 
dle loads and movements. There are vertical, longitudi- 
nal, and lateral components to an effective road profile. 

VERTICAL EFFECTIVE ROAD PROFILE - 

In the vertical direction, the effective road profile for 
vertical direction is defined as the vertical displacement 
at the tyre patch. For a three-dimensional system with 
spindle coordinates of Xgp, ygp, Zgp, (Fig. 4), the total dis- 
placement Zp at a tyre patch is 


Htyre"^ is the inverse transfer function of the tyre, and F ^ 
is load in the longitudinal direction. The first term in 
equation (2) is the longitudinal spindle displacement 
times a weight factor. The second term is the longitudl- 

5 nal tyre deflection at the tyre patch. When a(iv)=0, the 
vehicles A and B have the same longitudinal force, thus 
amounting to force control. When a(vv)=1 . the vehicles 
have the same longitudinal displacement at tyre patch, 
amounting to displacement control in which the spindle 

70 displacement equals the tyre deflection. The constant a 
(W) is determined by empirical means, and serves as 
weight factor between 0 and 1 . If a(iv)X + H^y^^ F 
is the effective road profile in the longitudinal direction 
for Vehicle A, and a(i^Xsp2 + H^^^ F ^2 is the effective 

'5 longitudinal road profile for Vehicle B, then 
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a(w) = 


(^ti^e^x^'^ti^e^x2) 


(3) 


When a(M^=1 . the effective road profile defined by equa- 
tion (2) yields 


(4) 


This is similar to the effective road profile in vertical di- 
rection defined by equation (1 ). When A(w)=0, the equa- 
tion (2) yields by removing H-^ 


(5) 


sp tire 


(1) 


where d is the tyre deflection in the vertical direction. 
Once the tyre deflection d is known, the vertical ef- 
fective road profile can be calculated from equation (1). 
The tyre deflection calculation 6^^^ is further discussed 
below. 


which means the loads in longitudinal direction for Ve- 
hide A and B are unchanged. 

To simplify the model of the present Invention, the 
effective road profile for the lateral direction is assumed 
to be the same as defined for the longitudinal effective 
road profile. 


40 


TYRE MODEL AND TYRE DEFLECTION 


LONGITUDINAL AND LATERAL EFFECTIVE ROAD 
PROFILES - 

In the present invention, the longitudinal force on a 
tyre has a component from dynamic displacement due 
to road terrain, as well as fore and aft driving force var- 
iations. The effective road profile for bngitudinal direc- 
tion can thus be written as 


tire X ' 


(2) 


where a(w) is a constant which Is a function of frequen- 
cy, vv, X sp is the spindle displacement relative to the ve- 
hicle rigid body movement In the longitudinal direction, 


The tyre model used in the method and system of 
the present invention is preferably limited to radial direc- 
tion with a flat tyre patch contact. Two tyre models which 
can be used are: (1 ). Tyre model represented by Fre- 
quency Response Function and (2). Spring-Damper 
tyre model. 

The frequency response function of the tyre was ob- 

talned by testing a tyre on a tyre test stand. The tyre was 
preloaded to the static state of each wheel. Random 
white noise was then applied to the tyre patch, and the 
frequency response function of the tyre, H(m^, was de- 
termined as follows: 
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where F(iv) is the applied load and X(w) is the measured 
displacement. 

A spring damper tyre model was also evaluated and 
compared to the transfer function of the tyre. It has been 
found that the load deflection curves for the frequency 5 
response function tyre model was almost the same as 
the spring-damper tyre model for load time histories of 
chuckholes, cobblestone and lowspeed track events. 
Thus, either tyre model can be satisfactorily used with 
the present invention. 

EFFECTIVE ROAD PROFILE USED IN LAB 
SIMULATION 

Another challenge in determining road loads has 
been the difficulty in developing a road load vehicle 
model. In conventional vehicle testing, these road loads 
are input to the spindles of a road simulator While load 
and displacement Inputs to spindles change from vehi- 
cle to vehicle, a common connection between different 
vehicles is the road surface over which the vehicles are 
driven. Aback-calculated road surface from spindle load 
and displacement will be generic if a "perfect" tyre model 
is used. Due to the complexity of tyre dynamics, such 
as tyre enveloping effect, rolling stiffness and viscoelas- 
tlcity etc., it is difficult to calculate exact tyre deformation 
with present day models. If a simplified tyre model is 
used, the inputs at tyre patch can be calculated. A cal- 
culated history of displacement at a tyre patch is called 
an Effective Road Profile, which creates the desired ve- 
hicle movements with a simplified tyre model when input 
into a spindle-coupled simulator. Use of an effective 
road profile with a spindle-coupled simulator to test ve- 
hicles with configurations different from the vehicle used 
to develop the effective road profile was demonstrated 
In U.S. Patent 5,610,330 (Fricke et al.), assigned to the 
assignee of the present invention and incorporated by 
reference herein. 

CAE ROAD LOAD SIMULATION USING EFFECTIVE 
ROAD PROFILE 

In the present invention, an vehicle model, for which 
road loads (desired responses) have been collected for 
an actual vehicle corresponding to the model, is used to 
calculate an effective road profiles. A preferred embod- 
iment of the process is shown in Figs 5-7. Beginning in 
Fig. 5, a vehicle A is run over a test road surface, such 
as a road surface at a proving ground, and vehicle re- 
sponse data at predetermined control points is collected 
in box 20. The collected data Is filtered, using techniques 
known to those skilled in the art, and edited to produce 
a desired response in ellipse 22. Next, random white 
noise is applied to a preselected model of vehicle A (box 
24) which produces a vehicle A response, which are rep- 
resentative of vehicle A responses at predetermined 
control points. The vehicle A response and the random 
white noise input are used to obtain a frequency re- 


sponse function for vehicle A (box 26). The desired re- 
sponse (box 24) is fed into the frequency response func- 
tion to produce an initial drive file (ellipse 28). 

The initial drive file 28 is then fed into a composite 
model of vehicle A, represented by the dotted lines 30. 
and comprising the vehicle A model 24 and the frequen- 
cy response function 26 (Fig. 6). Vehicle A response is 
determined and compared to the desired response 22. 
An error signal 32 is generated checked to see if is within 
a predetermined limit. If so, an effective road profile 34 
has been determined. If the error signal is not within the 
predetermined limit, it is combined with the frequency 
response function 26 of the composite vehicle A model 
30, and the resulting input signal 36 is fed into the vehi- 
cle A model 24 in conventional feedback fashion. The 
process is iterative ly performed until the error signal is 
within the predetermined limit such that an effective road 
profile 34 is determined. The predetermined limit can be 
set, for example a ten percent limit, to provide accurate 
results. 

Further testing of a modified vehicle A can then be 
performed without requiring actual road load testing, 
which is time consuming and expensive. It should be 
understood that the initial drive file is only fed into the 
vehicle A model once, and thereafter the input signal 36 
is fed into the vehicle A model. 

ROAD LOAD CALCULATION OF A NEW VEHICLE - 

Predicted road loads can be determined using the 
effective road profile 34, as seen in Fig. 7. A model for 
a new vehicle B (box 38) is developed and then excited 
using the effective road profile from vehicle A. Vehicle 
B responses 40 are determined, and the loads are an- 
alyzed for durability and NVH characteristics. It is impor- 
tant that the vehicle B model has the same model as- 
sumptions as the vehicle model from which the effective 
road profile was developed. 

VEHICLE AND TYRE MODELS - 

A six degree-ot-freedom multi-rigid body dynamic 
model can be used as the vehicle model (Fig. 8). The 
degrees-of-freedom in the model are a forward uns- 
prung mass (Mf). a rear unsprung nnass (M^), a vehicle 
mass (M), a vehicle inertia (I), a vehicle engine mass 
(MJ, and a vehicle driver mass (Md). 

With this model, configuration variation between ve- 
hicles can be made, for example vehicle weight variation 
and suspension type. Those skilled in the art will appre- 
ciate that the present invention is not limited to six de- 
grees-of-freedom, but can have more or fewer degrees- 
of-freedom. Effectively, other vehicle components can 
be added to the vehicle model. In addition, the model 
can developed with commercially available vehicle dy- 
namics software, such as ADAMS and DADDS. 

A simple spring-damper tyre model can be used, 
such as that shown in Figs 3a and 4, since the effective 
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road profile is not dependent on the accuracy of the tyre 
model. In fact, one of the advantages of the present In- 
vention is the ability to accurately provide road loads to 
vehicle models without the need for a complex tyre mod- 
el. Other tyre models known to those skilled in the art 
and suggested by this disclosure may also be used. 

With the present invention, an effective road profile 
for a vehicle model can be determined with a simplified 
vehicle dynamic model, a system frequency response 
functbn, and a CAE program. The effective road profile 
can subsequently be used with a modified vehicle mod- 
el, or with a new vehicle model, to provide predicted road 
loads and durability test analysis without building a ve- 
hicle prototype. 

In a preferred embodiment of the present invention, 
portions of the method can be carried out on an elec- 
tronic computer 70, having a monitor 72, by an operator 
74 (Fig. 9). A dynamics computer program, for example 
Ride-6, can be used to simulate vehicle dynamics and 
a spindle-coupled simulator test. Other computer pro- 
grams, such as Matlab subroutines, can be used to per- 
form various numerical calculations, including frequen- 
cy response functions, effective road profiles, statistics, 
error corrections, displacements (Fig, 10). power spec- 
tral densities (Fig. 11), and the iteration process. These 
can be displayed on the monitor 72 in the fashion shown 
in Figs 10-11 so that the operator may determine how 
to change the vehicle model, response functions, or the 
like. 


Claims 

1 . A method for generating an effective road profile for 
use with a computer aided vehicle design system, 
the method comprising the steps of: 

(a) developing a vehicle model for a vehicle; 

(b) exciting the vehicle model with an initial 
drive file to produce a vehicle model response; 

(c) comparing the vehicle model response to a 
desired response to produce an error signal, 
the desired response based on vehicle dynam- 
ics data from a vehicle when driven over a road 
surface; 

(d) determining a modified error signal with a 
vehicle response model and feeding the modi- 
fied error signal into the vehicle model to pro- 
duce a vehicle model response; and 

(e) performing steps © and (d) until the error 
signal is within a predetermined limit to produce 
a vehicle model effective road profile. 

2. A method according to claim 1 , wherein the vehicle 
response model is a frequency response function 
developed from the vehicle model. 

3. A method according to claim 1 , wherein the vehicle 


dynamics data is obtained from a vehicle when driv- 
en over a road surface. 

4. A method according to claim 3, wherein the desired 
s response is developed from the vehicle dynamics 

data. 

5. A method according to claim 4, wherein the drive 
file is developed from the desired response and the 

10 vehicle response model. 

6. A method according to claim 1 , wherein the vehicle 
model has six degrees-of-f reedom. 

IS 7. A method for testing an automotive vehicle design 
using a computer aided engineering vehicle model 
and an effective road profile, the method comprising 
the steps of: 

20 (a) collecting a set of vehicle dynamics data 

from a vehicle when driven over a road surface; 

(b) developing a vehicle model for the vehicle 
including a vehicle response model; 

(c) exciting the vehicle model with a white noise 
25 to produce an initial model response; 

(d) generating an initial drive file based on the 
initial model response and a desired response 
based on the vehicle dynamics data; 

(e) generating an effective road profile for the 
30 vehicle model based on the vehicle dynamics 

data by: 

(I) exciting the vehicle model with the initial 
drive file to produce a vehicle model re- 
35 sponse; 

(li) comparing the vehicle model response 
to the desired response to produce an error 
signal; 

(ill) combining the error signal with the ve- 
40 hide response model and feeding a com- 

bination into the vehicle model to produce 
a vehicle model response; and 
(iv) performing steps (e)(ii) and (e)(iii) until 
the error signal is within a predetermined 
45 limit to produce a vehicle model effective 

road profile; and 

(f) exciting a modified vehicle model with the 
vehicle model effective road profile to produce 

so a modified model response. 

8. A vehicle model testing system for testing an auto- 
motive vehicle design using a computer aided en- 
gineering vehicle model and an effective road pro- 
ss file, the system comprising: 

(a) a vehicle model for a vehicle; 

(b) means for exciting the vehicle model with 
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an initial drive file to produce a vehicle nnodel 
response; 

(c) means for comparing the vehicle model re- 
sponse to a desired response to produce an er- 
ror signal, the desired response based on ve- s 
hide dynamics data from a vehicle when driven 
over a road surface; 

(d) means for determining a modified error sig- 
nal with a vehicle response model and feeding 

the modified error signal into the vehicle model io 
to produce a vehicle model response; 

(e) means for performing steps © and (d) until 
the error signal Is within a predetermined limit 
to produce a vehicle model effective road pro- 
file; and IS 

(f) means tor exciting a modified vehicle model 
with the vehicle model effective road profile to 
produce a modified model response. 


An article of manufacture comprising: 20 

a computer usable medium having computer 
readable program code means embodied therein 
for causing an effective road profile to be generated 
from a computer aided vehicle model, the computer 
readable code means in said article of manufacture 25 
comprising: 


(a) computer readable program code means for 
causing a computer to develop a vehicle model 

for a vehicle; 30 

(b) computer readable program code means for 
causing the computer to excite the vehicle mod- 
el with an initial drive file to produce a vehicle 
model response; 

(c) computer readable program code means for 35 

causing the computer to compare the vehicle 
model response to a desired response to pro- 
duce an error signal, the desired response 
based on vehicle dynamics data from a vehicle 
when driven over a road surface; 40 

(d) computer readable program code means for 
causing the computer to determine a modified 
error signal with a vehicle response model and 
tofeed the modified error signal into the vehicle 
model to produce a vehicle model response; ^5 
and 

(e) computer readable program code means for 
causing the computer to perform steps © and 
(d) until the error signal is within a predeter- 
mined limit to produce a vehicle model effective so 
road profile. 
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